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The  mechanical  properties  of  sulfonated  aromatic  polymers  (SAPs:  SPEEK  and  SPPSU)  are  studied  by  ten¬ 
sile  stress-strain  tests  and  dynamic  mechanical  analysis  (DMA).  The  elastic  moduli  are  generally  above 
1  GPa  with  tensile  strength  between  25  and  80  MPa  and  elongation  at  rupture  between  7  and  50%.  These 
properties  are  consistent  with  polymers  below  their  glass  transition  temperature.  The  glass  transition 
and  elastic  moduli  are  strongly  increased  by  thermal  treatments  of  the  SAP  membranes,  due  to  formation 
of  cross-links  between  macromolecules.  The  cross-linking  is  observed  “in  situ”  during  DMA  experiments 
on  thermally  untreated  SPPSU.  These  data  show  that  previously  neglected  SAPs  might  become  very 
interesting  PEM  fuel  cell  membranes,  if  previously  thermally  treated. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Mechanical  properties  are  among  the  most  relevant  properties 
of  polymers  [1,2].  They  are  specified  with  the  same  parameters 
used  for  metals,  that  is  elasticity  modulus,  tensile  strength,  and 
ductility  [3].  For  many  polymeric  materials,  tensile  stress-strain 
tests  are  employed  to  determine  these  mechanical  properties 
[4].  Stress-strain  measurements  are,  however,  very  sensitive  to 
the  experimental  protocol,  because  the  mechanical  properties  of 
polymers  are  generally  highly  sensitive  to  the  nature  of  the  envi¬ 
ronment,  such  as  presence  of  water,  organic  solvents,  oxygen  and 
temperature  [5-7].  Increasing  the  temperature  induces  generally 
a  decrease  in  elastic  modulus,  a  reduction  of  tensile  strength  and 
an  increase  of  ductility,  if  no  modification  of  the  microstructure, 
such  as  partial  crystallization,  occurs.  Very  significant  changes  are 
observed  near  the  glass  transition  temperature,  where  viscous  loss 
strongly  increases  [8].  Consequently,  it  is  imperative  to  have  con¬ 
sistency  in  the  manner  in  which  stress-strain  tests  are  conducted, 
using  standardized  testing  techniques. 

Dynamical  mechanical  analysis  (DMA)  is  a  complementary  char¬ 
acterization  technique  for  polymers  widely  used  now.  Here,  the 
samples  are  submitted  to  a  periodic  mechanical  strain  or  stress, 
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while  the  temperature  is  changed  with  a  constant  rate.  The  stor¬ 
age  modulus  E  (elastic  response)  and  loss  modulus  E"  (viscous 
response)  of  polymers  are  measured  as  a  function  of  temperature. 
The  storage  modulus  is  related  to  stiffness  and  the  loss  modulus  to 
energy  dissipation.  The  E'/E  ratio,  also  named  tan  8,  is  related  to 
mechanical  damping  [9].  These  three  parameters  vary  significantly 
with  temperature  and  frequency,  especially  around  polymer  relax¬ 
ation  phenomena,  such  as  glass  transition  or  sub-glass  transition: 
while  the  storage  modulus  decreases,  loss  modulus  and  damping 
show  a  maximum.  These  changes  in  viscoelastic  properties  are 
strongly  dependent  on  molecular  motions  and  segmental  mobil¬ 
ity  [10].  Thus,  every  factor  affecting  macromolecular  mobility,  such 
as  ageing  [11],  crystallinity  or  small  absorbed  molecules,  leads  to 
significant  changes  of  relaxation  processes  and  global  viscoelastic 
properties  of  polymers.  Dynamic  mechanical  analysis  is  therefore 
very  powerful  to  determine  the  glass  transition  temperature  (Tg) 
of  materials  and  the  useful  temperature  range  for  application  of 
a  mechanically  strong  polymer  membrane.  An  amorphous  poly¬ 
mer  may  behave  like  a  glass  at  low  temperature,  where  ductility, 
expressed  as  percent  elongation  at  fracture,  is  generally  below  1 0%, 
and  like  a  rubbery  solid  above  the  glass  transition  temperature, 
where  viscous  behaviour  prevails.  For  intermediate  temperatures, 
the  polymer  presents  viscoelastic  mechanical  characteristics  [2]. 

Proton-conducting  polymer  membranes  are  currently  much 
studied  as  possible  electrolytic  membranes  for  proton-exchange 
membrane  fuel  cells  (PEMFCs)  [12].  Much  effort  was  dedicated  to 
optimizing  the  proton  conductivity  [13-15].  However,  other  prop- 


E.  Sgreccia  et  al.  /  Journal  of  Power  Sources  195(2010)  7770-7775 


7771 


erties,  such  as  water  uptake  and  retention  behaviour  at  the  optimal 
operation  conditions  of  PEMFC,  i.e.  around  120°C  at  25%  relative 
humidity,  are  at  least  as  important  for  application  [16-18].  Further¬ 
more,  it  was  pointed  out  that  a  correlation  exists  between  the  water 
uptake  behaviour  of  the  membranes  and  their  mechanical  proper¬ 
ties;  that  is  soft  membranes  tend  to  swell  excessively  by  sorption 
of  large  quantities  of  water,  whereas  too  strong  membranes  do  not 
allow  sufficient  water  to  be  sorbed  and  the  membrane  conductivity 
is  too  low  to  be  of  interest  for  PEMFC  application  [5,19,20]. 

The  mechanical  properties  of  proton-conducting  polymer  mem¬ 
branes  are  thus  a  very  worthwhile  topic  for  study  [21,22].  The 
temperature  dependence  is  of  particular  importance  for  applica¬ 
tion.  Flowever,  dynamic  mechanical  properties  of  such  membranes 
are  not  extensively  studied  and  very  well  defined  and  reproducible 
experimental  protocols  must  be  applied  in  order  to  obtain  reliable 
and  meaningful  results.  Furthermore,  this  technique  is  used  essen¬ 
tially  for  thermal  characterization  (i.e.  Tg  determination),  but  rarely 
for  combining  thermal  and  mechanical  properties  of  membranes. 
Recently,  several  studies  deal  with  the  influence  of  some  param¬ 
eters  on  viscoelastic  properties  of  proton-exchange  membranes. 
For  example,  network  chemical  nature  [23,24],  membrane  treat¬ 
ments  [25-27],  water  uptake  [28]  or  degree  of  sulfonation  [29-31  ], 
have  been  investigated.  In  this  work,  we  present  the  mechanical 
(including  elastic  modulus,  tensile  strength  and  elongation  at  frac¬ 
ture)  and  dynamic  mechanical  properties  of  sulfonated  aromatic 
polymers  (SAPs).  The  data  were  obtained  by  room  temperature 
stress-strain  tests  and  DMA  experiments,  typically  performed 
between  25  and  250  °C.  The  polymers  include  sulfonated 
poly-ether-ether-ketones  (SPEEKs)  and  sulfonated  poly-phenyl- 
sulfones  (SPPSUs).  The  influence  of  a  curing  treatment  of  the 
polymer  membranes  on  their  thermomechanical  properties  is  also 
analyzed. 

2.  Experimental 

2.1.  Synthesis  and  thermal  treatment  ofionomer  membranes 

Sulfonated  PEEK  (SPEEK)  and  PPSU  (SPPSU)  were  prepared  by 
reaction  of  PEEK  (Victrex  450P,  MW  =  38,300)  or  PPSU  (Solvay, 
MW  =  46, 173)  with  concentrated  sulfuric  acid  at  50  °C  for  times 
between  3  and  5  days,  depending  on  the  desired  degree  of  sul¬ 
fonation.  The  solution  was  poured  under  continuous  stirring  into  a 
large  excess  of  ice-cold  water.  After  12  h,  the  white  precipitate  was 
filtered  and  washed  several  times  with  cold  water  to  neutral  pH. 
The  sulfonated  polymer  was  then  dried  at  80  °C  for  1 2  h.  The  degree 
of  sulfonation  (DS)  was  evaluated  by  NMR  [32]  and  by  titration: 
both  techniques  gave  identical  results:  DS  values  between  0.6  and 
0.9  were  obtained  depending  on  the  reaction  time  for  SPEEK;  for 
SPPSU,  DS  was  2.0  [33,34].  Formulas  are  reported  in  Scheme  1. 

The  procedure  for  membrane  preparation  was  solution  casting 
using  as  solvent  dimethylsulfoxide  (DMSO)  or  dimethylacetamide 
(DMAc).  In  a  typical  experiment,  around  250  mg  sample  was  dis¬ 
solved  in  30  mL  of  solvent.  The  resulting  mixture  was  stirred  for  4  h, 
evaporated  to  5  mL,  cast  onto  a  Petri  dish  and  heated  to  dryness 
for  12  h  at  80  °C.  After  cooling  to  room  temperature,  the  result¬ 
ing  membranes  (called  “standard  samples”  in  the  following)  were 
peeled  off  and  treated  under  dynamic  vacuum  for  24  h  at  80  °C  for 
solvent  removal.  However,  a  small  amount  of  DMSO  remained  in 
the  membranes  after  this  step. 

A  subsequent  thermal  treatment  of  SAP  membranes  was  per¬ 
formed  at  temperatures  between  120  and  170°C,  which  were 
chosen  after  preliminary  measurements.  The  time  of  thermal  treat¬ 
ment  was  between  48  and  168  h  [27]. 

X-ray  diffraction  (XRD)  patterns  were  recorded  with  a  Siemens 
D5000  diffractometer  using  Cu  Ka  radiation  (A  =  0.1540  nm),  steps 
of  0.04°  and  1  s  step  time. 
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Scheme  1.  Molecular  formula  of  SPEEK  and  SPPSU. 


2.2.  Stress-strain  tests 

The  mechanical  properties  of  SPEEK  and  SPPSU  were  investi¬ 
gated  using  an  ADAMEL  Lhomargy  DY30  test  machine  at  room 
temperature  at  a  constant  crosshead  speed  of  5  mm  min-1  with 
aluminium  sample  holders.  Particular  attention  was  given  to  the 
macroscopic  homogeneity  of  membranes  made  by  casting  and  only 
apparently  homogeneous  membranes  were  used  for  the  mechan¬ 
ical  tests.  The  clamping  pressure  was  determined  according  to  a 
preliminary  tensile  stress-strain  test:  it  was  about  40%  of  the  appar¬ 
ent  elasticity  limit,  corresponding  to  the  linear  part  of  the  tensile 
curve. 

The  aluminium  sample  holders  were  selected  to  give  rigidity  to 
the  clamping  system  and  to  optimize  the  mechanical  testing.  Fig.  1 
shows  the  shape  and  geometry  of  the  clamps  and  specimens  used  in 
the  uniaxial  tensile  tests.  Fig.  la  presents  the  membrane  of  70mm 
diameter;  five  rectangular  pieces  can  be  cut  out  with  5  mm  width 
and  55  mm  length.  So,  the  border  of  the  membranes,  where  compo¬ 
sition  may  be  inhomogeneous,  was  eliminated  by  cutting  carefully 
the  specimens.  Fig.  lb  shows  the  aluminium  sample  holders  and 
the  specimens,  which  have  the  same  width.  On  each  side  15  mm  of 
membranes  are  covered  with  aluminium  clamps,  so  that  the  uni¬ 
axial  tensile  properties  were  measured  on  membrane  samples  of 
about  100  pan  thickness,  5  mm  width  and  25  mm  length. 

The  selected  tensile  curves  corresponded  only  to  tests  with 
a  final  rupture  in  the  useful  part  of  the  specimens.  The  other 
cases  of  rupture  (<20%),  e.g.,  near  or  under  grips,  were  systemati¬ 
cally  eliminated.  Prior  to  the  measurements,  the  polymer  samples 
were  stabilized  at  ambient  temperature  and  humidity,  which  was 
(50  ±10)%  RH.  The  measurement  time  was  below  5  min. 

2.3.  Dynamical  mechanical  analysis  (DMA ) 

For  most  polymeric  materials  the  relationship  between  stress 
and  stain,  in  the  elastic  domain,  is  not  linear  and  they  do  not  obey 
Hooke’s  law  (cr  =  Es),  were  E  is  Young’s  modulus.  This  modulus  is  not 
constant,  but  is  a  function  of  the  applied  frequency  (/).  The  response 
of  the  polymer  under  a  dynamic  applied  force  becomes  linearly 
viscoelastic.  Stress  and  strain  are  not  in-phase  and  the  modulus  E* 
becomes  a  complex  function: 

E*=E'  +  iE"  (1) 

F  and  E"  are  the  in-phase  and  out-of-phase  components  of  E*. 

To  improve  and  characterize  the  membranes,  dynamic  mechan¬ 
ical  analysis  (DMA)  was  performed  on  a  DMA  2980  apparatus  from 
TA  Instruments  in  extension  mode  with  samples  of  approximately 
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Fig.  1.  Representation  of  samples  used  in  the  uniaxial  tensile  tests,  (a)  Membrane  sample  and  (b)  sample  holder. 


1 5  mm  x  7  mm  size  and  1 00  fxm  thicknesses.  DMA  was  operated  in 
air  at  a  fixed  frequency  (f)  of  1  Hz  with  1  N  initial  static  force  and 
oscillation  amplitude  of  10  p,m.  This  last  value  was  chosen  to  keep 
the  linear  viscoelastic  domain  of  samples  during  experiments.  The 
viscoelastic  behaviour  of  the  polymer  can  be  represented  by  a  stor¬ 
age  (elastic)  part,  the  storage  modulus  F,  and  a  loss  (viscous)  part, 
the  loss  modulus  E". 

The  storage  modulus  (F)  is  in-phase  with  the  applied  stress, 
whereas  the  loss  modulus  (E")  is  out-of-phase.  These  components 
F  and  E"  represent  the  real  and  imaginary  components  of  E*  and 
can  be  expressed  by 

|E*  |  =  E'  +  iE"  =  a/(E')2  +  (E")2  (2) 

The  loss  angle  8,  called  also  damping  factor,  can  be  expressed  as 

tan<5=F  ^ 

The  ratio  between  the  loss  and  storage  modulus  is  a  measure  of  the 
amount  of  deformational  energy  that  is  dissipated  as  heat  during 
each  cycle  and  gives  the  useful  quantity  known  as  the  mechanical 
damping  factor. 

The  storage  modulus  (F),  loss  modulus  (F'),  and  damping  (tan  5) 
spectra  versus  temperature  were  obtained  at  a  heating  rate  of 
3  °C  min-1  between  50  and  250  °C. 

3.  Results 

Fig.  2  represents  a  typical  nominal  stress-strain  test  curve 
obtained  with  a  SPEEK  membrane.  The  apparent  elastic  modulus  E 
was  determined  from  the  slope  of  the  linear  part  of  the  curve,  where 
elastic  behaviour  of  the  polymer  is  observed.  The  tensile  strength 
TS  is  taken  as  the  stress  value  at  the  maximum  of  the  nominal 
stress-strain  curve  and  the  corresponding  strain  is  indicated.  Duc¬ 
tility  is  expressed  as  percentage  of  total  elongation  at  fracture  TEL. 
The  average  mechanical  parameters  obtained  from  stress-strain 
measurements  are  reported  in  Table  1  for  different  SAP.  Elastic 


modulus  is  generally  above  1  GPa,  with  tensile  strengths  in  the 
order  of  25-80  MPa.  The  yield  point  is  below  10%  in  all  cases  and 
elongation  at  fracture  varies  greatly  with  values  between  7  and 
50%.  These  values  are  typical  of  polymers  below  their  glass  tran¬ 
sition  temperature.  The  performed  thermal  treatments  generally 
increase  the  elastic  modulus  and  tensile  strength  of  the  membranes 
and  reduce  ductility.  This  is  consistent  with  the  strong  enhance¬ 
ment  of  glass  transition  temperature  observed  by  DMA.  Comparing 
polymers  with  similar  heat  treatment,  but  different  DS,  one  notices 
that  the  polymer  with  the  larger  DS  shows  a  lower  ductility  but 
higher  strength,  certainly  due  to  the  stronger  intermolecular  forces 
between  macromolecular  chains  by  a  greater  amount  of  hydrogen 
bonds. 

Figs.  3  and  4  show  typical  DMA  curves  of  various  SPEEK  mem¬ 
branes:  storage  modulus  and  tan  8  (loss  angle)  are  represented 
versus  temperature.  These  representations  allow  determination  of 
the  glass  transition  temperature  of  the  SAP,  which  is  characterized 
by  a  decrease  of  storage  modulus  and  peak  of  tan  8  curve.  In  our  case, 
the  major  part  of  samples  becomes  very  soft  during  glass  transition 


Fig.  2.  Typical  nominal  stress-strain  curve  for  a  SPEEK  (0.9)  membrane  heated  at 
140  °C. 
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Table  1 

Mechanical  properties  of  SAP  polymers:  elastic  modulus  E,  tensile  strength  TS,  elongation  at  maximum  stress,  total  elongation  at  rupture  TEL  and  glass  transition  temperature 
Tg.  DS:  degree  of  sulfonation,  T:  temperature  of  heat  treatment  (°C),  t:  time  of  heat  treatment  (if  non-indicated,  the  time  is  64  h).  The  casting  solvent  is  DMSO,  if  not  indicated 
otherwise. 


Polymer 

E  (MPa) 

TS  (MPa) 

Elongation  at  maximum  stress  (TS)  (%) 

TEL (%) 

Tg  (°C) 

Name,  DS,  T(t) 

SPEEK  0.9,  160+120 

2305  ±250 

75  ±5 

8  ±  1 

10±3 

SPEEK  0.9, 160 

2020  ±170 

64  ±  8 

7  ±  1 

17  ±  10 

205  ±  5 

SPEEK  0.9, 140 

1760  ±40 

58  ±4 

6±1 

22  ±  10 

190  ±  5 

SPEEK  0.9, 120  (168  h) 

1590  ±260 

56  ±7 

5  ±  1 

27  ±  10 

SPEEK  0.9 

1010±80 

32  ±1 

5  ±  1 

7  ±  1 

105  ±2 

SPEEK  0.9  DMAc 

680  ±220 

25  ±1 

5  ±  1 

7  ±  1 

110  ±  2 

SPEEK  0.75,  140 

1240  ±120 

43  ±4 

7  ±  1 

29  ±13 

SPEEK  0.6,  120  (168  h) 

1410±240 

34  ±9 

5  ±2 

48  ±10 

SPEEK  0.6, 120  (48  h)  DMAc 

1500  ±240 

52  ±  8 

6±2 

26  ±6 

SPEEK  0.6  DMAc 

1200  ±250 

36  ±8 

6±1 

12  ±2 

130±  2 

SPPSU  2.0  170 

2950  ±300 

81  ±3 

4±1 

7±3 

215  ±  5 

Nation  [33] 

25 

25 

- 

300 

120  ±  5 

Nation  [5] 

33 

500 

and  stretches  out  dramatically.  So,  the  second  part  of  the  tan  8  peak 
and  the  rubbery  plateau  of  storage  modulus  cannot  be  monitored. 
The  glass  transition  temperature  (Tg)  has  therefore  been  taken  as 
the  onset  point  of  increasing  tan  8  (Table  1)  [35]. 

Figs.  3  and  4  show  impressively  the  important  change  of  glass 
transition  temperature,  from  1 05  °C  to  about  205  °C  (DS  =  0.9)  and 
from  125  to  210  °C  (DS  =  0.6),  observed  after  thermal  treatment 
(“annealing”)  of  SPEEK  membranes.  It  is  evident  that  this  change  is 
of  major  importance  for  intermediate  temperature  fuel  cell  appli- 


Fig.  3.  Storage  modulus  of  various  SPEEK  membranes  as  function  of  temperature 
from  DMA  experiments. 


Fig.  4.  Tangent  delta  of  various  SPEEK  membranes  as  function  of  temperature  from 
DMA  experiments. 


cation,  since  Tg  values  as  well  as  Young’s  modulus  strongly  depend 
on  thermal  treatment  (Fig.  5).  The  Tg  is  higher  for  the  polymer 
with  lower  degree  of  sulfonation  (DS),  in  agreement  with  litera¬ 
ture  for  several  polymer  membranes  [29,31].  This  result  has  been 
also  reported  for  SPEEK  membranes  by  solid  state  NMR  measure¬ 
ments  [36].  Elere,  whatever  the  initial  sample  DS  (0.6  or  0.9),  Tg 
reaches  approximately  similar  values  after  thermal  treatment.  We 
have  previously  shown  that  annealing  of  SAP  membranes  at  1 60  °C 
leads  to  cross-linking  between  macromolecular  chains  and  a  signif¬ 
icant  reduction  of  DS  is  observed,  which  falls  to  0.66  for  an  initial 
DS  =  0.9  and  to  0.45  for  an  initial  DS  =  0.6  [27].  At  140  °C,  cross- 
linking,  if  present,  is  only  marginal;  the  effect  on  curve  5  is  probably 
related  to  irreversible  conformational  changes,  as  observed  in  PEEK 
[37]. 

Fig.  3  presents  the  variation  of  storage  modulus  (F)  with  tem¬ 
perature  for  SPEEK  membranes  without  and  with  annealing.  The 
slight  increase  of  storage  modulus  (F)  up  to  about  100°C  cor¬ 
responds  to  removal  of  some  residual  casting  solvent  (DMSO  or 
DMAc)  and  water,  which  have  a  plasticizing  effect  [28,36].  The 
strong  increase  of  Tg  after  annealing  can  be  observed  as  well  on 
storage  modulus  and  on  tan  8  (Fig.  4).  While  Tg  depends  on  DS  above 
0.77  (curves  1 ,3,  and  4),  below  that  concentration  there  is  no  appar¬ 
ent  effect,  indicating  that  under  a  certain  concentration  of  sulfonic 
acid  groups,  the  glass  transition  does  not  depend  on  DS  (curves  5,6, 
and  7). 

Comparing  curves  1  and  2  in  Figs.  3  and  4,  one  can  see  the 
influence  of  the  casting  solvent,  DMSO  or  DMAc.  In  fact,  very  little 
difference  is  observed  with  both  solvents;  Tg  with  DMAc  as  casting 
solvent  is  slightly  higher  than  for  DMSO. 

Figs.  6  and  7  show,  respectively,  storage  modulus  and  tan  8 
curves  for  untreated  and  annealed  at  170°C  SPPSU  samples.  One 
observes  again  the  slight  increase  of  storage  modulus  due  to 


Thermal  Treatment  /  °C 


Fig.  5.  Glass  transition  temperatures  (from  DMA)  and  elastic  moduli  (from 
stress-strain  tests)  of  SPEEK  (DS  =  0.9)  membranes  versus  temperature  of  thermal 
treatment. 
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Fig.  6.  Storage  modulus  of  SPPSU  membranes  as  function  of  temperature. 


T/°C 

Fig.  7.  Tangent  delta  of  SPPSU  membranes  as  function  of  temperature. 

loss  of  plasticizers  and  the  very  high  glass  transition  tempera¬ 
ture  above  210  °C.  Some  very  interesting  features  can  be  observed, 
which  are  characteristic  of  an  in  situ  curing  of  the  membranes 
and  formation  of  cross-links  between  macromolecules  [27].  The 
first  heating  (curve  1  -  first  run)  shows  a  glass  transition  tem¬ 
perature  above  160°C.  Following  this  transition,  storage  modulus 
increases  again  and  a  second  peak  above  210  °C  is  observed  (Fig.  7). 
This  behaviour  can  be  explained  by  “in  situ”  cross-linking,  which 
leads  to  an  increase  of  storage  modulus  (Fig.  6)  and  a  shift  of  the 
glass  transition  to  much  higher  temperature.  Consistent  with  this 
explanation,  the  tan  8  peak  and  lowering  of  storage  modulus  above 
210  °C  are  also  observed  at  following  DMA  scans  (curve  2  -  sec¬ 
ond  run)  of  the  same  membrane,  but  the  peak  above  160°C  has 
disappeared.  Previous  experiments  on  SPPSU  membranes  showed 
that  cross-linking  is  observed  at  170°C  during  isothermal  anneal¬ 
ing;  this  temperature  range  is  compatible  with  that  observed 
in  DMA. 

4.  Discussion 

Mechanical  properties  of  polymers  depend  on  many  parame¬ 
ters,  including  degree  of  crystallinity,  presence  of  plasticizers  and 
cross-linking.  Their  discussion  is  complex  and  intricate.  The  dif¬ 
ferent  parameters  will  now  be  discussed  separately,  but  it  is  well 
understood  that  their  interplay  is  essential  for  understanding  the 
complex  properties. 


4.1.  Crystallinity 

Increasing  the  crystallinity  of  a  polymer  generally  enhances  its 
elastic  modulus  and  tensile  strength  and  reduces  its  ductility.  The 
SAP  samples  studied  here  are,  however,  fully  amorphous,  whatever 
the  preparation  and  annealing  treatments  performed  [22,27].  No 
crystalline  amounts  were  found  within  the  detection  limits  of  XRD, 
performed  routinely  on  the  polymer  samples.  This  parameter  can 
thus  be  excluded. 

4.2.  Plasticizers 

Plasticizers  are  small  molecules,  such  as  residual  solvents, 
which  are  inserted  between  macromolecular  chains  and  weaken 
the  intermolecular  forces  between  them  [4].  In  the  case  of 
sulfonated  aromatic  polymers,  different  intermolecular  interac¬ 
tions  can  be  discussed:  the  strongest  are  hydrogen  bonds,  acting 
especially  between  sulfonic  acid  groups,  but  some  others  are 
present  including  permanent  dipole-dipole  interactions,  such  as 
ketone-ketone  and  sulfone-sulfone  group  interactions.  Further¬ 
more,  weak  London-type  interactions  between  aromatic  backbones 
have  also  to  be  discussed.  The  presence  of  residual  water  and  DMSO 
(DMAc)  molecules,  which  are  high  dielectric  constant  solvents,  will 
particularly  weaken  the  hydrogen  bonds  and  dipole  interactions 
and  have  certainly  a  strong  plasticizing  effect.  In  fact,  the  removal 
of  residual  solvent  is  seen  in  the  increase  of  storage  modulus  up  to 
100°C  observed  in  the  DMA  curves. 

4.3.  Influence  of  chemical  constitution 

Below  the  glass  transition  temperature,  the  storage  modu¬ 
lus  values  observed  by  DMA  are  fully  consistent  with  the  elastic 
modulus  data  obtained  from  stress-strain  tests  (Table  1),  which 
are  typically  above  1  GPa,  with  tensile  strengths  in  the  order 
of  20-80  MPa.  The  elasticity  is  attributable  to  temporary  and 
reversible  deformation  of  valence  angles  along  the  macromolecu¬ 
lar  backbone  that  is  changes  of  conformation.  Fracture  corresponds 
to  irreversible  break  of  covalent  bonds  inside  the  macromolecule 
chains.  The  plastic  domain  is  short;  large  plastic  domains  are  mainly 
observed  for  macromolecules  with  linear  chains,  held  together  by 
weak  Van  der  Waals  forces  and  which  can  easily  glide  parallel  to 
the  chains,  so  that  a  sort  of  viscous  flow  is  possible.  Calculations 
of  preferred  macromolecular  conformation  of  SPEEK  show  that  a 
spherical  shape  is  preferred,  due  to  intra-chain  hydrogen  bonds.  It 
is  well  known  that  formation  of  spheroids  generally  strengthens 
polymers,  so  that  the  relatively  high  elastic  modulus  and  tensile 
strengths  of  SAP  polymers  are  understandable. 

In  order  to  have  useful  mechanical  properties  for  applications, 
one  should  avoid  the  temperature  domain,  where  viscoelastic 
behaviour  is  observed,  that  is  around  the  glass  transition  tem¬ 
perature.  In  order  to  increase  the  glass  transition  temperature, 
cross-linking  of  polymer  chains  is  an  important  tool,  because  the 
bridges  between  macromolecules  impede  the  chain  gliding  and 
retard  the  glass  transition.  On  the  other  hand,  a  too  high  degree 
of  cross-linking  leads  to  a  too  hard  and  fragile  polymer,  which 
does  not  incorporate  enough  water  to  have  sufficiently  high  pro¬ 
ton  conductivity.  The  cross-linking  reaction  between  SPPSU  chains 
is  actually  observed  in  situ  during  the  DMA  experiment,  as  shown 
in  Figs.  6  and  7,  as  evidenced  by  a  sudden  increase  of  storage  modu¬ 
lus  above  1 60  °C.  The  glass  transition  temperature  changes  strongly 
between  the  first  and  subsequent  DMA  scans. 

5.  Conclusion 

The  analysis  of  mechanical  properties  of  proton-conducting  SAP 
membranes  by  stress-strain  tests  and  DMA  show  a  very  impor- 
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tant  effect  of  thermal  treatments  performed  on  the  membranes 
after  solvent  casting,  with  a  large  increase  of  glass  transition 
temperature  and  mechanical  strength.  The  DMA  gives  important 
complementary  insight:  removal  of  residual  casting  solvent,  which 
acts  as  plasticizer,  leads  in  all  cases  to  an  increase  of  storage  modu¬ 
lus.  In  the  case  of  SPPSU,  the  cross-linking  reaction  can  be  observed 
in  situ. 

Considering  the  importance  of  glass  transition  temperature  and 
mechanical  properties  for  operation  of  fuel  cell  membranes,  it  is 
clear  that  thermal  treatment  appears  as  a  very  powerful  promising 
tool  for  membrane  optimization.  Based  on  these  conclusions,  SAP 
polymer  membranes  deemed  of  low  importance  for  PEM  fuel  cell 
application  should  be  re-considered  carefully. 
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